Epithelial-mesenchymal transitions (EMTs) are an essential manifestation of epithelial cell plasticity during morphogenesis, wound healing, and tumor progression. Transforming growth factor-␤ (TGF-␤) modulates epithelial plasticity in these physiological contexts by inducing EMT. Here we report a transcriptome screen of genetic programs of TGF-␤-induced EMT in human keratinocytes and propose functional roles for extracellular response kinase (ERK) mitogen-activated protein kinase signaling in cell motility and disruption of adherens junctions. We used DNA arrays of 16,580 human cDNAs to identify 728 known genes regulated by TGF-␤ within 4 hours after treatment. TGF-␤-stimulated ERK signaling mediated regulation of 80 target genes not previously associated with this pathway. This subset is enriched for genes with defined roles in cell-matrix interactions, cell motility, and endocytosis. ERK-independent genetic programs underlying the onset of EMT involve key pathways and regulators of epithelial dedifferentiation, undifferentiated transitional and mesenchymal progenitor phenotypes, and mediators of cytoskeletal reorganization. The gene expression profiling approach delineates complex context-dependent signaling pathways and transcriptional events that determine epithelial cell plasticity controlled by TGF-␤. Investigation of the identified pathways and genes will advance the understanding of molecular mechanisms that underlie tumor invasiveness and metastasis.
T ransforming growth factor-␤ (TGF-␤) elicits distinct cellular response patterns of epithelial cells in a highly contextdependent manner (1) . Although TGF-␤ family members play pivotal roles at the interphase of epithelial and mesenchymal cell fates during embryonic development and organogenesis (2-4), they are essential for maintenance of epithelial homeostasis in several mouse models, presumably by exerting potent antiproliferative effects and tumor suppressor activities (5) (6) (7) . TGF-␤ may inhibit cell cycle progression through regulation of cyclindependent kinase inhibitors p15 INK4B , p21 CIP1 , and p27 KIP1 (8, 9) and induces apoptosis via activation of caspases (10) .
Most carcinomas are characterized by loss of normal growthinhibitory and apoptotic responses to TGF-␤ (11) . In a subset of colon and pancreatic tumors, this is caused by inactivating defects of TGF-␤ receptors and Smad4͞DPC4, but the majority of tumors with loss of growth inhibition do not acquire genetic defects in TGF-␤ signaling pathways. Hence, epigenetic mechanisms of inactivation of TGF-␤'s growth inhibitory and proapoptotic activities have been proposed (for review, see ref. 12) , leaving the possibility that interference with TGF-␤ signaling mechanisms in these cases blocks only selected responses. For example, partial inhibition of TGF-␤ type II receptor function results in loss of growth inhibition but not regulation of matrix genes by TGF-␤ (13) .
In contrast with epithelial homeostasis, TGF-␤ signals appear to promote tumor progression in advanced carcinomas. In this context, TGF-␤ is often synthesized in excess and has been associated with epithelial-mesenchymal transitions (EMT) of tumor cells in skin and mammary carcinogenesis models (14, 15) .
Most invasive and͞or metastatic carcinomas are characterized by EMT, in which the epithelial phenotype, exhibiting strong cell-cell junctions and polarity across the epithelial layer, is replaced by a mesenchymal phenotype with reduced cell-cell interactions and increased motility (16) . Activation of TGF-␤ signaling is sufficient to induce EMT in cultured epithelial cells (17) (18) (19) . Although both phosphatidylinositol-3 kinase and extracellular response kinase (ERK) mitogen-activated protein (MAP) kinase signaling pathways have been implicated in TGF-␤-induced EMT (20, 21) , their specific roles and proximal target gene programs in EMT remain unclear. Similarly, persistent activation of Ras and Raf proteins that activate ERK is sufficient to promote EMT and contributes to invasiveness and metastasis formation in carcinomas with activated ras oncogenes (22) . However, the underlying genetic programs have not been identified.
Although Smad proteins are considered important mediators (12, 23, 24) , Smad-independent TGF-␤ signaling has been demonstrated, involving predominantly MAP kinase pathways. MAP kinase pathways have been implicated in mediating induction of fibronectin, p21
Cip1 and TGF-␤1 gene transcription by TGF-␤ (25) (26) (27) . However, physiological roles and the identities of transcriptional targets of MAP kinase activation by TGF-␤ have not been determined.
To explore molecular mechanisms underlying the roles of TGF-␤ as a tumor promoter and to define the functional relevance and transcriptional targets of ERK MAP kinase in the context of human malignancies, we established a model of EMT induced by TGF-␤ in human keratinocytes (HaCaT). Using a gene expression profiling approach, we identified discrete gene expression patterns that are directed by TGF-␤ at the onset of EMT. We show that engagement of ERK MAP kinase signaling by TGF-␤ in this context regulates predominantly genes with functions in cell-matrix adhesion and endocytosis, consistent with a requirement of ERK signaling in cell motility and disassembly of adherens junctions in TGF-␤-induced EMT.
Methods
Cell Culture. HaCaT keratinocytes (28) were expanded to Ϸ90% confluency and serum deprived by culturing in 0.2% FBS for 48 h before timed stimulation with 10 pM rhTGF-␤1 (R & D Systems) in the absence or presence of either 15 M MAP kinase͞ERK kinase (MEK)͞ERK inhibitor U0126 (Promega) or 10 M This paper was submitted directly (Track II) to the PNAS office.
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cycloheximide (Sigma). Experiments were performed in three independent repeats.
Immunofluorescence and Immunoblotting. Cells were fixed and permeabilized for immunofluorescence staining as described (29) . Antigen detection: F-actin (FITC-phalloidin; Sigma) and E-cadherin (mouse anti-E-cadherin; Zymed) followed by Cy3-conjugated donkey anti-mouse IgG antibody (Jackson ImmunoResearch). Cell nuclei were counterstained with 4Ј,6-diamidino-2-phenylindole (Sigma). Fluorescent images were generated by using a cooled charge-coupled device camera (AECOM Analytical Imaging Facility, Albert Einstein College of Medicine, Bronx, NY). For immunoblotting, we used polyclonal antibody anti-pYTEpY of ERK1͞2 (Anti-ACTIVE MAP kinase pAb; Promega) and total anti-ERK1͞2 antibody (Anti-ERK1͞2 pAb, Promega).
Motility Assay. Confluent serum-deprived monolayer cultures of HaCaT cells were ''wounded'' by a scratch in the presence or absence of TGF-␤ and͞or MEK͞ERK inhibitor U0126 and monitored by phase contrast microscope photography as described (30) . Motility of the cells was quantitated by 24 measurements in each experimental category and expressed as a percentage of distance coverage by cells migrating into the scratch wound area 48 h after wounding.
Microarray Procedures. Unique human expressed sequence tags (ESTs) (16, 580) , available from Research Genetics (Huntsville, AL), were used as cDNA probes, spotted on two separate glass slides: 5H arrays contained 7,873 probes (non-sequence verified), and H1 arrays contained 8,707 sequence-verified probes. Detailed descriptions of microarray hardware and procedures are available from http:͞͞www.aecom.yu.edu͞home͞molgen͞ facilities.html. For each hybridization, cDNA targets were prepared from the RNA sample (Cy5-labeled) obtained from TGF-␤ stimulated cells and the reference RNA sample (Cy3-labeled) representing a common time point zero (T 0 ), to provide baseline expression measurements. Common baseline reference cDNA target allows comparisons of the relative expression of each gene across the entire series of timed TGF-␤ stimulations (0, 0.3, 1, 2, and 4 h, respectively). Microarray analysis of time series experiments was performed in three independent repeats. Independent images were obtained for Cy3 and Cy5 fluorescence emitted from hybridized microarrays by using a custom-built dual channel laser scanning microscope (see http:͞͞www.aecom.yu.edu͞home͞molgen͞facilities.html for specifications). SCANALYZE Verison 2.44 software (M. Eisen, Stanford University, Palo Alto, CA; http:͞͞www.microarrays. org͞software.html) was used as described in the SCANALYZE manual to generate raw data files containing measurements of signal and background fluorescence emissions of Cy3 and Cy5, respectively, for each element.
Quality Control, Data Analysis, and Statistics. Signal and background intensities of each spotted cDNA element in Cy5 images were calibrated by a correction factor defined as e (mean lnCy3) ͞ e (mean lnCy5) , typically between 0.9 and 1.1, to normalize for effects of global variations between Cy3 and Cy5 fluorescence intensities in each hybridized array. Net signal intensity (NSI) in each channel (Cy3 and Cy5) was determined by subtracting the local background from signal intensity values. Negative NSI values were set to the smallest intensity unit equal to 1. A Cy5͞Cy3 ratio represents the relative abundance of a target transcript in stimulated and reference samples, respectively. The median value of Cy5͞C3 ratios of three experimental repeats was taken as a representative value. Signal-to-noise (S͞N) threshold criteria for genes to pass as ''expressed'' were set independently for both Cy3 and Cy5 channels. Elements with S͞N Ͼ1 ϩ ( ϭ one standard deviation of the mean of background values in each hybridized array divided by the mean of background values; typically 0.15-0.30) in either Cy3, Cy5, or both channels, respectively, were considered well measured and expressed. Elements with S͞N Ͻ1 ϩ in both channels were flagged (marked as nonexpressed). The value was determined for each hybridized array to account for variations in global signal and background intensities between individual experiments.
Time course gene expression profiles were required to fulfill ''expressed'' S͞N criteria in (i) at least two of three repeats at each time point, and (ii) at least three of the five time points. Genes were considered regulated by TGF-␤ stimulation if their normalized Cy5͞Cy3 ratios deviated more than 1.75-fold from baseline (T 0 ) Cy5͞Cy3 ratios. These thresholds reflected the three SD intervals around the mean Cy5͞Cy3 of expressed transcripts at T 0 (1 SD ϭ 0.2467 used as measure of random variability of ratios at T 0 ). Hierarchical clustering was performed using Pearson correlation metric on Cy5͞Cy3 ratios for each transcript with the TREE program of GENESPRING Version 3.2.4 (Silicon Genetics, Redwood City, CA). Primary data tables can be obtained at http:͞͞www.aecom.yu.edu͞BottingerLab͞ microarray.htm.
Quantitative Real-Time PCR (rtPCR).
Quantitative rtPCR analysis of TGF-␤ controlled gene expression of SLUG, BNC, SMAD7, SOX9, CTSD, and c-FOS was performed by using the iCycler apparatus (Bio-Rad) with sequence-specific primer pairs for all genes tested. The SYBR Green PCR Core Reagents system (Perkin-Elmer Applied Biosystems) was used for real-time monitoring of amplification. Results were evaluated by ICYCLER IQ REAL TIME DETECTION SYSTEM software (Bio-Rad).
Results and Discussion

ERK MAP Kinase Is Required for Disassembly of Cell Adherens Junctions and Induction of Cell Motility by TGF-␤.
Quiescent serumdeprived human HaCaT keratinocytes were treated with TGF-␤ and manifested phenotypic features of EMT. Within 48 h, cortical actin filaments were replaced by actin stress fibers, intercellular junctions were disassembled, and cell motility increased, resulting in complete cell-cell separation and fibroblast-like cell morphology (Fig. 1a) . As functional roles for MEK͞ERK in TGF-␤ signaling and in EMT have been proposed (17, 22, 31) , we treated cells with TGF-␤ in the presence of MEK͞ERK inhibitor U0126. Disassembly of tight junctions and desmosomal junctions was demonstrated by delocalization of ZO-1 and desmoplakin (data not shown), and de novo formation of actin stress fibers was observed (Fig. 1b) . In contrast, Ecadherin-mediated adherens junctions did not dissolve, and cells failed to separate and did not acquire a fibroblastoid morphology (Fig. 1b) . TGF-␤ treatment induced cell motility (assessed by scratch wound assay) when compared with untreated cells (46% wound distance coverage). This effect was inhibited in the presence of U0126 (16% wound distance coverage) (Fig. 1c) . In contrast, potent antimitogenic effects of TGF-␤ that are typically observed in subconfluent proliferating HaCaT cells were not inhibited by U0126 (Fig. 1d) . To examine activation profiles (phosphorylation) of ERK1͞2, c-Jun N-terminal kinase (JNK), and p38 MAP kinases by TGF-␤, we used phospho-MAP kinase-specific antibodies. Immunoblotting for phospho-ERK1͞2 revealed transient activation of ERK2 at 1 and 2 h after addition of TGF-␤ to quiescent cells. The activation was completely inhibited by U0126 and by cycloheximide, an inhibitor of protein synthesis (Fig. 1e) . TGF-␤ had no effect on phosphoJNKs or phospho-p38 levels under identical conditions (data not shown). The kinetic and functional profiles of ERK activation by TGF-␤ were distinct from those observed after treatment with epidermal growth factor (EGF). EGF activated ERK within minutes (Fig. 1e) and increased DNA synthesis as assessed by Gene expression profiling was used to comprehensively delineate early genetic programs associated with EMT in response to TGF-␤. Fluorescent cDNAs derived from quiescent TGF-␤-treated cells (Cy5) and from a common reference RNA sample T 0 (Cy3) were cohybridized to cDNA microarrays produced at our institution. These arrays represent 16,580 unique human ESTs. Relative transcript abundance was expressed as Cy5͞Cy3 ratios of signal intensities after background subtraction in each channel. Data analysis and quality control procedures are described in detail in Methods.
We identified 1,716 TGF-␤-regulated transcripts, including 728 known genes plus 88 duplicates (Fig. 2a) , and 900 anonymous ESTs. Nonhierarchical clustering algorithms [selforganizing maps (32) ] were used to determine 33 kinetically defined classes of gene regulation by TGF-␤ (Fig. 5 , which is published as supplemental data on the PNAS web site, www. pnas.org). Normalized expression data for the 728 known genes are available in Table 1 (which is published as supplemental data) and on our web site (see Methods). Fifty-two percent of the regulated genes with known functions have roles in signaling, gene, and protein expression, cell-matrix adhesion, and cytoskeletal remodeling (Fig. 2d) . Interestingly, gene repression is an important part of the cellular response to TGF-␤, as it affected one-third of TGF-␤ target genes (Fig. 2d) .
Recent estimates predict less than 40,000 genes in the human genome. On the basis of a Ϸ10% gene redundancy among the 16,580 unique ESTs on our DNA arrays, we anticipate that the presented transcriptome screens cover Ϸ14,922 genes, representing Ϸ38% of all human genes. About 10% of genes covered in our screens were modulated by TGF-␤ within 4 h. We therefore predict dynamic changes in expression of up to 4,000 genes associated with the onset of TGF-␤-initiated EMT in HaCaT. Our results allow the first genome-wide estimate of the extent of rapid genetic reprogramming induced by TGF-␤ in a defined physiological context.
A Subset of ERK-Dependent Target Genes of TGF-␤ Is Enriched for
Genes with Functions in Integrin-Mediated Cell-Matrix Adhesion. We designed a microarray hybridization strategy to specifically identify ERK-dependent target genes of TGF-␤ by replacing the common reference RNA T 0 with RNA of cells treated with TGF-␤ in the presence of U0126. Eighty of 525 TGF-␤-regulated known genes (15%) represented on the H1 arrays (5H arrays were not used in these experiments) were ERK-dependent (Fig.  2b) and generally required protein synthesis (data not shown). ERK dependence was notably more common in the cell-matrix adhesion category (20%), compared with all other functional categories (3-13%). Interestingly, although increased levels of phospho-ERK1͞2 were not detectable at time points earlier than 1 h after TGF-␤ stimulation, regulation of few ERK-dependent target genes, including c-FOS (Fig. 2c) , showed peak induction at 1 h and did not require protein synthesis (data not shown). This finding indicates that TGF-␤ may induce two distinct activation profiles of ERK in the described EMT model: direct, perhaps more rapid activation is required for some immediateearly genes (c-FOS), whereas indirect delayed activation is required for most ERK-dependent TGF-␤ target genes.
Reproducibility and validity of ERK-dependent and ERKindependent target genes were verified by comparing microarray and quantitative rtPCR measurements (Fig. 2c) . Microarray assay reliability was further confirmed by concordance of multiple expression profiles for single genes represented by multiple ESTs (i.e., SLUG, etc.; see Fig. 6 , which is published as supplemental data) and by confirmation of previously reported expression patterns for TGF-␤-responsive genes (i.e., PAI1, etc.; see Fig. 7 , which is published as supplemental data).
TGF-␤ Directs a Functionally Defined Genetic Program of Epithelial
Cell Plasticity. We identified a tightly coordinated program of genes and signaling pathways with putative roles in EMT, a manifestation of epithelial cell plasticity (Fig. 3a) . It consists of regulators of epithelial dedifferentiation and maintenance of epithelial͞transitional cell progenitors, including Notch and Wnt signaling pathways (33, 34) , as suggested by a synchronized regulation of multiple positive and negative mediators in both pathways (Figs. 3a and 4) . Genes in the Wnt pathway were consistently induced by TGF-␤ at 4 h and ERK-independent (Fig. 3a) . In contrast, Notch pathway activation by TGF-␤ may ensue earlier (1-2 h) and may in part require ERK activation, as indicated by ERK-dependency of JAG1 and TLE3 (Figs. 2b and  3a) . Key regulators of differentiation of early mesenchymal progenitor cells into chondrogenic (SOX9), hematopoietic and angiogenic (CBFA2, GATA2, KDR, VEGF), and cardiac lineages (SOX4) were induced as early as 1-4 h (Fig. 3a) . TGF-␤ thus rapidly orchestrates an epithelial plasticity gene expression program that may specify a pluripotent mesenchymal progenitor cell phenotype (see Fig. 4 ).
TGF-␤ Regulates a Coordinated Program of Genes with Roles in
Remodeling of Actin Cytoskeleton and Actin Stress Fiber Formation. The cytoskeletal remodeling program includes largely ERK-independent (70%) genes with putative roles in F-actin turnover in response to TGF-␤ (degradation and de novo synthesis) (Fig. 3b) . It involves mediators of F-actin degradation (RhoE, GSN), actin nucleation (ZYX, VASP), actin polymerization (ACTR3, ARPC5), actin capping (CAPZA1, GSN), and actin monomers (ACTA2, ACTG2). TGF-␤ also induced expression of phosphatidyl-4-phosphatase 5-kinase (PIP5K1A). PIP5K1A regulates generation of the phosphoinositide PIP2, which provides a potential link between Rho proteins and F-actin assembly. The ERK independence of the cytoskeletal remodeling program is consistent with our immunohistochemical observations of ERK-independent reorganization of cortical actin bundles to actin stress fibers induced by TGF-␤ (Fig. 1b) .
In contrast, a group of genes involved in cell adhesion, extracellular matrix (ECM) remodeling, and cell motility [cellmatrix adhesion͞motility program (Fig. 3c) ], was strikingly enriched for ERK-dependent genes (60% ERK-dependent), compared with epithelial plasticity (25%) and cytoskeletal reorganization programs (30%). In this program, ERKdependent fibronectin 1 (FN1), thrombospondin 1 (THBS1), laminin-5 (LAMC2, LAMA3) and tenascin-C (HXB), ␤4-integrin (ITGB4), and ␣2-integrin (ITGA2) constitute a core of ECM components and matrix receptors that are known to promote cell motility (35) . Matrix metalloproteinases 1 (MMP1) and 12 (MMP12) modulate adhesive sites and clear ECM to break down physical barriers of cell motility (36) . Analysis of the expression profiles of ERK-dependent genes in this group strongly suggests a specific functional role of ERK MAP kinase activation in mediating induction of cell motility during TGF-␤-induced EMT. This finding is directly supported by the observation that U0126 inhibited TGF-␤ induced cell motility and cell-cell separation in our model (see Fig. 1 b and c) .
Disassembly of Adherens Junctions in TGF-␤-Induced EMT May Depend on ERK-Dependent Regulation of Genes with Roles in Cell Surface
Membrane Turnover. E-cadherin turnover and assembly or disassembly of adherens junctions are dynamically regulated by a balance of Rho and Rab GTPase-mediated endocytosis and exocytotic lateral vesicle targeting (37) . MEK͞ERK-dependent disassembly of adherens junctions observed in our system may be thus mediated by ERK-dependent target genes with roles in endocytosis (RHOB, NET1, RAB5EP), vesicle transport (RANs and RAB2), and͞or membrane vesicle trafficking [LLGL2, a homologue of Drosophila lethal giant larvae (lgl)] (38) (see Figs. 2b and 4). Although U0126 inhibited TGF-␤-initiated disassembly of adherens junctions, cell spreading and loosening of cell-cell contacts occurred (Fig. 1b) . This phenotype appeared similar to that of cells overexpressing the zinc-finger protein Slug, which mediates disassembly of desmosomes but not adherens or tight junctions (39) . Indeed, we observed ERKindependent induction of SLUG (Fig. 3a) , and TGF-␤-induced disassembly of desmosomes and tight junctions was not affected by U0126. Our results suggest that ERK activation by TGF-␤ may control a set of genes with functional roles in endocytosis that may be critical for disassembly of adherens junctions but not of desmosomes and tight junctions.
Conclusions
Our report provides a comprehensive view of coordinated regulation of genetic programs induced by TGF-␤ during the initial phase of EMT. A remarkably high number of genes (by extrapolation 4,000 or Ϸ10% of all genes, according to current estimates) undergo rapid changes in expression levels within only 4 hours of TGF-␤ treatment. This observation further underscores a broad and multifunctional impact of TGF-␤ signaling in cell biology. Future design of disease process-specific interventions, such as prevention of tumor progression, will to a large extent depend on knowledge of mechanisms that determine biological specificity of TGF-␤ actions. We demonstrate that functional genomic approaches provide a new tool to define roles of critical nodes in TGF-␤'s signaling circuitry, based on inspection of their proximal signaling targets in the context of well-defined physiological responses. For example, we show that in the context of TGF-␤-induced EMT, a subset of target genes, activated strongly and specifically via the ERK MAP kinase, functions in remodeling of integrin-based cell-matrix adhesion and promotes cell motility. The role of ERK, as predicted from temporal pattern classification of its proximal signaling targets, is consistent with alterations of phenotypic responses at the cellular level that are associated with ERK inhibition. We conclude that the control of cell-matrix adhesion and cell motility in TGF-␤-induced EMT is, to our knowledge, a novel physiological role of ERK MAP kinase, independent of cell growth control. Contrary to a recent report (26), we did not observe ERK activation or an effect of ERK inhibition on growth inhibition by TGF-␤ in proliferating cells. This discrepancy may be explained by different concentrations of the MAP kinase inhibitor used in both studies.
Results of genome-wide expression profiling in cellular signaling systems (40) and clinical settings (41) (42) (43) (44) are being reported and deposited in publicly accessible databases at an increasing pace. This report presents a database of hundreds of genes that are regulated by TGF-␤ and substantially expands the list of its known targets. By adapting DNA array methodology to a defined experimental context (EMT) and by using specific inhibition of MEK͞ERK signaling, we were able to correlate ERK-dependent and -independent transcriptional programs of TGF-␤ signaling with complex manifestations of epithelial plasticity (Fig. 4) .
Many of the ERK-dependent TGF-␤ target genes identified here (FN1, HXB, etc.) have recently been described in screens for genes that mediate tumor invasiveness and metastasis (41, 43, 44) . Our results thus suggest a mechanism of promotion of tumor invasion and metastasis by TGF-␤ (19) that involves ERKdependent activation of a described set of target genes strongly associated with aggressive malignancies.
The observations presented in this report provide insights into the complex molecular spectrum of epithelial plasticity controlled by TGF-␤, an important mechanism of morphogenesis and tumor progression.
